Cortical spreading depression (CSD) is a propagating event of neuronal depolarization, which is considered as the cellular correlate of the migraine aura. It is characterized by a change in the intrinsic optical signal and by a negative DC potential shift. Microglia are the resident macrophages of the CNS and act as sensors for pathological changes. In the present study, we analyzed whether microglial cells might sense CSD by recording membrane currents from microglia in acutely isolated cortical mouse brain slices during an experimentally induced CSD. Coincident with the change in the intrinsic optical signal and the negative DC potential shift we recorded an increase in potassium conductance predominantly mediated by K ϩ
Introduction
Microglial cells are the immunocompetent cells of the CNS. They are characterized by a distinct ramified morphology with small cell bodies and branched processes which constantly scan the environment and contact surrounding neurons (Nimmerjahn et al., 2005; Kettenmann et al., 2011) . In the pathologic brain microglia undergo a rapid transformation acquiring an amoeboid morphology, and can, depending on the state of activation, release cytokines, phagocytose, proliferate, or migrate (Hanisch and Kettenmann, 2007) . In excitotoxic pathologies, such as epilepsy, microglia are also activated due to increased neuronal activity (Avignone et al., 2015) . Another event involving temporally increased neuronal activity followed by decreased activity is known as cortical spreading depression (CSD), discovered in 1944 (Leão, 1944) . It is characterized by a slowly propagating (3-4 mm/min) wave of neuronal and glial depolarization followed by a period of neuronal depression. It is considered to be the cellular counterpart of migraine aura (Lauritzen, 1992) . Hallmarks of these depolarizing waves are neuronal swelling, a negative DC potential shift, elevation of extracellular potassium and glutamate leading to disturbed ion homeostasis (Dreier, 2011) . Propagation of CSD requires NMDA receptor activation and can be blocked by NMDA receptor antagonists (Marrannes et al., 1988; Lauritzen and Hansen, 1992) . Whether microglial cells sense the state of neuronal activity in pathologies like CSD is not known. Microglia express neurotransmitter receptors, such as AMPA and metabotropic glutamate receptors, which might be means to sense excitotoxicity (Kettenmann et al., 2011) . Although the expression of functional NMDA receptors has been described for cultured neonatal microglial cells (Kaindl et al., 2012; Murugan et al., 2011) , their presence in situ could not be confirmed (Dissing-Olesen et al., 2014; Eyo et al., 2014) . In the present study, we tested the influence of CSD on microglial membrane conductance in acute mouse brain slices. Our results indicate that microglia can sense NMDA receptor-dependent potassium elevations during CSD by an increase in potassium inward rectifier activity and we confirm the lack of functional NMDA receptor expression in microglia.
Materials and Methods
Solutions. For experiments in cell culture, a standard HEPES buffer was used containing the following (in mM): 150 NaCl, 5.4 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 HEPES, and 10 glucose adjusted to pH 7.4 with NaOH. As extracellular solution and for preparation of brain slices the following artificial CSF (ACSF) was used (in mM): 134 NaCl, 2.5 KCl, 1.3 MgCl 2 , 2 CaCl 2 , 1.25 K 2 HPO 4 , 26 NaHCO 3 , 10 D-glucose, pH 7.4, with osmolarity of 310 -320 mOsm/L and gassed with 95% O 2 /5% CO 2 . For electrophysiological recordings, the following intracellular solution was used (in mM): 130 NaCl, 2 MgCl 2 , 0.5 CaCl 2 , 2 Na-ATP, 5 EGTA, 10 HEPES, and 0.01 sulforhodamine 101 (Sigma-Aldrich) with an osmolarity of 280 -290 mOsm/L adjusted to pH 7.3 with KOH. The following substances were added into the HEPES buffer or ACSF for pharmacological approaches (in mM): 1 ATP (Sigma-Aldrich), 1 BaCl 2 (Sigma-Aldrich), 0.01 CNQX (Tocris Bioscience), 0.05 D-AP5 (Abcam), 0.1 glibenclamide (Tocris Bioscience), 0.1 NMDA (Tocris Bioscience), 0.1 Nortriptyline (Sigma-Aldrich), 0.02 ML133 (Sigma-Aldrich), 0.1 Reactive Blue 2 (Tocris Bioscience), Tertiapin-Q 0.2 ϫ 10 Ϫ3 (Tocris Bioscience), and 0.01 VU590 (Sigma-Aldrich). Changed magnesium or potassium concentrations were substituted with equimolar NaCl.
Animals. All mice used for the present study were on a C57BL/6 genetic background of both sexes. For preparation of cultured cells wild-type animals were used whereas mice for electrophysiological recordings contained a Csf1r-EGFP tag (MacGreen) (Sasmono and Williams, 2012) . For acute brain-slice preparation, mice were used at an age of P42-P63. Animals were kept according to the German law for animal protection under a 12 h dark/light cycle with food and water supply ad libitum.
Neonatal microglia cell culture. Neonatal primary microglia cultures were obtained from cerebral cortex and midbrain using P0 -P3 mice (Giulian and Baker, 1986) . Microglia were seeded with 3-5 ϫ 10 5 cells on glass coverslips.
Adult microglia cell culture. Primary adult microglia cultures were prepared as described before using P49 -P56 mice (Scheffel et al., 2012) . In short, the cerebellum and olfactory bulb were removed and the cerebrum was freed of blood vessels and meninges and stored in HBSS. Subsequently the tissue was chopped down to 1 mm 3 pieces and trypsinized in 1% trypsin and 0.05% deoxyribonuclease for 5 min at room temperature. Using a fire-polished pipette the tissue was dissociated and washed twice in HBBS. Cell suspension was plated on a confluent monolayer of neonatal astrocytes in 75 cm 2 flasks. Clodronate (200 g/ml) was used to remove neonatal microglial cells before adding the adult cell suspension. DMEM was used to culture the mixed glial cells and medium was changed in a daily routine. After 7 d, 33% L929-conditioned medium was added and after another 7 d microglial cells were shaken off for experiments. Cell suspension was transferred on coverslips in a single droplet containing 5-10 ϫ 10 5 cells. Coverslips were used for calcium imaging and patch-clamp recordings 1 d after plating.
Preparation of acute mouse brain slices. Acute mouse brain slices were prepared as described previously (Boucsein et al., 2003) . Briefly, mice were killed via dislocation of the vertebra. The brain was removed and placed in ice-cold ACSF adjusted to a pH of 7.4. Using a microtome, 250-to 350-m-thick coronal brain slices were made and kept in gassed ACSF at room temperature. Experiments were done within a maximum of 5 h.
Electrophysiological recordings. The whole-cell patch-clamp technique was used to study membrane currents of microglia in situ and in vitro. Brain slices and coverslips were superfused at 3-6 ml/min with ACSF or HEPES buffer at room temperature. Pipettes were pulled from borosilicate glasses with a resistance of 4 -6 M⍀. After establishing the whole-cell recording configuration, only cells with a series resistance Ͻ65 M⍀ were used. A series of depolarizing and hyperpolarizing 100 ms pulses were applied ranging from Ϫ140 to 60 mV with 20 mV increment from a holding potential of Ϫ20 mV in voltage-clamp mode. This protocol was repeated every 5 s to allow continuous monitoring of microglial membrane currents and current-voltage relationships. For illustration, the traces were filtered with a 5-8 Hz low-pass Bessel filter. For field potential recordings, glass pipettes with a resistance of ϳ1 M⍀ were placed at 20 -50 m depth in the slice. All recordings were done with conventional patch-clamp amplifiers (EPC9/EPC10, HEKA).
Calcium imaging. Primary cultured microglia were incubated with Fluo-4/AM (5 M Fluo-4/AM, 0.1% DMSO, 0.02% w/v pluronic F-127) in HEPES buffer for 40 min. Before recording, cells were washed 10 -15 min in HEPES buffer. Fluorescence signals were recorded at excitation and emission wavelengths of 488 and 510 nm, respectively, using a conventional polychromator (LPS-150, Till Photonics) and a camera (Sensicam, Photonics) attached to the microscope using water emerged 20ϫ objectives (Olympus). During recording, cells were superfused with HEPES (3-4 ml/min) buffer. Images were taken with a frequency of 2 frames/min and an exposure time of 50 ms.
Recording of intrinsic optical signals. The intrinsic optical signal (IOS) was measured as light transmission via a camera attached to the microscope. Images were taken once per second. For analysis of ⌬IOS we averaged the first 30 images of baseline recordings and subtracted them from all other images. We therefore normalized the IOS to illustrate changes in transmitted light in the recorded brain slices.
Induction of cortical spreading depression. To induce cortical spreading depression in brain slices we placed an injection pipette (4 -6 M⍀ resistance) into the slice (20 -50 m deep) in layer 2-3 of the cortex and KCl was ejected in 3-5 pulses (100 ms, 40 psi) from micropipette containing 3M KCl. Field and patch electrodes were placed at least 350 m apart to avoid diffusion artifacts.
Statistical analysis. We used student's t test to perform statistical analysis to compare the means of two groups. Significance was defined as *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. Error bars are given as the SEM. For identification of significant outliers, we used Grubb's outlier test.
Results

Microglial membrane currents evoked by cortical spreading depression
We used a classical experimental paradigm to initiate cortical spreading depression in layer 2-3 of the cortex by ejecting five pulses (100 ms) of 3M KCl solution from a micropipette (Peters et al., 2003) . Simultaneously we recorded membrane currents from a microglial cell and the local field potential at least 500 m away from the ejection electrode. The membrane potential of the microglial cell was clamped from Ϫ20 mV to a series of depolarizing and hyperpolarizing values ranging from Ϫ140 to 60 mV with 20 mV increment and 100 ms duration to obtain currentvoltage curves with a frequency of 5 s (Fig. 1A shows stimulation protocol). Simultaneously we recorded the IOS with an 4ϫ objective (Olympus) in a 100 m 2 area around the patch-pipette and field electrode (Fig. 1A, top left) . The ejection of potassium from the pipette triggered an IOS propagating with 46.6 Ϯ 5.6 m/s (n ϭ 7; Fig. 1A, 1-4) . When IOS reached the field potential electrode, we recorded a negative DC potential shift. Simultaneously we recorded an inward rectifying increase in membrane conductance in the microglial cell (Fig. 1A, top right) . The current activated rapidly and showed a voltage-dependent inactiva-tion increasing with hyperpolarization ( Fig. 1B, top ). Inward membrane current density increased by 2.5 Ϯ 0.3 pA/pF at Ϫ140 mV membrane potential, but only 0.3 Ϯ 0.1 pA/pF at 60 mV (n ϭ 14). The reversal potential was at Ϫ11.6 Ϯ 8.6 mV (n ϭ 13; Fig.  1B , bottom). In Figure 1C , ⌬IOS images are given to four different time points of the recordings to illustrate the propagation of the spreading depression. Microglial membrane currents and negative DC potential shifts returned to baseline within a few minutes, whereas the IOS increase did not recover that quickly consistent with earlier reports (Peters et al., 2003; Zhou et al., 2013) . Changes in the IOS are most likely due to cellular volume changes ) and might need longer to recover compared with shifted ion concentrations leading to DC potential shifts and microglial membrane currents. augmented inward membrane current density at Ϫ140 mV by 1 Ϯ 0.1 pA/pF (n ϭ 5), an increase to 25 mM by 2.3 Ϯ 0.4 pA/pF (n ϭ 15) and an increase to 50 mM by 5.7 Ϯ 1.4 pA/pF (n ϭ 6), whereas spreading depression led to an increase by 2.5 Ϯ 0.3 pA/pF (n ϭ 14) as shown above (Fig. 2C ). We therefore assume that an elevation of ϳ25 mM potassium occurred during CSD, which is consistent with reported potassium concentrations (ϳ30 mM) in the literature (Hablitz and Heinemann, 1989; Petzold et al., 2005) . Both potassium (data not shown) and spreading depression-induced inward currents were blocked in the presence of 1 mM barium indicating that both currents were due to K ϩ inward rectifier (K ir ) activation. A detailed analysis on the effect of barium on microglial membrane properties and CSD-induced currents in microglia is described in the following. We therefore hypothesize that cortical spreading depression induces an increase in [K ϩ ] o , which results in changes of microglial membrane currents.
Potassium application mimics the CSD-evoked currents
CSD and CSD-induced microglial membrane currents are NMDA receptor dependent
The NMDA receptor is known to be crucial in the propagation of CSD (Lauritzen et al., 1988; Marrannes et al., 1988; Nellgård and Wieloch, 1992) . We therefore investigated the influence of the NMDA receptor antagonist D-AP5 on the spreading depression induced DC potential shift and the microglial membrane currents (Fig. 3A) . Spreading depression was induced three times with a washout time of 12 min (n ϭ 7) or 20 min (n ϭ 2), first as a control, and then in the presence of 50 M D-AP5 and then again after washout. The distance between the ejection pipette and the patch-and-field pipette was at least 350 m. The microglial inward current density at Ϫ140 mV membrane potential was decreased in the presence of D-AP5 from the control value of 3 Ϯ 0.5-0.65 Ϯ 0.2 pA/pF (n ϭ 9, ***p ϭ 0.0007; Fig. 3B , top) whereas the negative DC potential shift was inhibited from Ϫ4.4 Ϯ Ϫ0.7 to Ϫ0.5 Ϯ 0.1 mV (n ϭ 9, ***p ϭ 0.0001; Fig. 3B, bottom) . To analyze the recovery after D-AP5 application we normalized the measured amplitudes (DC potential shift and microglial current responses at Ϫ140 mV) of the second and third induced CSD to the first one. Microglial membrane currents decreased to 21.7 Ϯ 4.8% and recovered to 40.6 Ϯ 5.6% (n ϭ 9, *p ϭ 0.024), whereas the DC potential shifts decreased to 14 Ϯ 5.2% and recovered to 47.3 Ϯ 10.9% (n ϭ 9, *p ϭ 0.014). We conclude that cortical spreading depression and the resulting potassium currents in microglial cells depend on NMDA receptors activity.
CSD-induced microglial membrane currents are modulated by CNQX
Even though AMPA/kainate receptors play a minor role in spreading depression (Lauritzen and Hansen, 1992; Nellgård and Wieloch, 1992) , we investigated whether blockade of AMPA/ kainate receptors influence CSD and CSD-induced membrane currents. We recorded membrane currents from microglial cells, measured the DC potential, and induced CSD. The AMPA/kainate receptor antagonist CNQX (10 M) was applied 2 min prior CSD induction and wash-in was stopped 30 s afterward. We compared DC potential shifts (Ϫ5.1 Ϯ 0.4 to Ϫ4.4 Ϯ 0.7 mV, n ϭ 10 vs 9, p ϭ 0.39) and microglial inward membrane current densities (1.4 Ϯ 0.3 to Ϫ2.5 Ϯ 0.3 pA/pF, n ϭ 10 vs 14, *p ϭ 0.02, at Ϫ140 mV) to the control data. Whereas the DC potential shift was not altered, the microglial membrane currents were significantly decreased. We conclude that AMPA/kainate receptors in the acute brain slice are involved in the mechanism leading to CSD-induced potassium currents in microglia.
NMDA mimics the CSD-induced changes in microglial membrane currents
Next we investigated whether NMDA (100 M) bath application itself results in microglial membrane currents in acute mouse brain slices. We used the whole-cell patch-clamp technique as we described above. In addition we placed a field electrode close to the patched microglial cell (ϳ50 -150 m) and recorded the IOS in the given field of view (n ϭ 19, magnesium-free ACSF). When clamped at Ϫ20 mV NMDA did not lead to a change in membrane currents. At more negative potentials we recorded a similar membrane current increase as observed with elevation of [K ϩ ] o or after initiation of CSD induced inward rectifying membrane currents in the patched microglial cells (Fig. 4A, top) . The microglial membrane current response was accompanied by a simultaneous negative DC potential shift and an increase in IOS (Fig. 4A,  bottom) . The kinetics of NMDA-induced current showed a fast activation and inactivation at low membrane potentials similar to the currents recorded during spreading depression and elevation of [K ϩ ] o (Fig. 4B, left) . The amplitudes of the NMDA-induced currents and the current-voltage relationships were influenced by extracellular magnesium as shown in Figure 4B (right). In magnesium-free ACSF, amplitudes were significantly higher at negative membrane potentials with the largest differences at Ϫ140 mV with average inward current densities of 1.8 Ϯ 0.2 pA/pF (n ϭ 49) in magnesium-free ACSF and 0.79 Ϯ 0.16 pA/pF (n ϭ 19, **p ϭ 0.0046) in standard ACSF. The reversal potential of the NMDA-induced current was at Ϫ23 Ϯ 3 mV (n ϭ 45) in magnesium-free ACSF. Upon application of D-AP5 (50 M) the NMDA-induced currents in microglia were completely blocked (n ϭ 15; Fig. 4C ). To confirm that all cells were viable we used ATP (1 mM) as a positive control, which always elicited a profound conductance increase as it was described by Boucsein et al. (2003).
NMDA and CSD-evoked currents in microglia are partially blocked by barium We assume that NMDA increases the K ir channel activity in microglia and we therefore tested the impact of Ba 2ϩ (1 mM) as a . NMDA-induced inward rectifying currents in microglia accompanied by negative DC potential shifts and increased IOS. A, Example recording of microglial membrane currents, as described in the legend of Figure 1 (top trace) during bath application of NMDA (100 M). Field recording and the change in the IOS are shown below. B, NMDA-induced membrane currents at the different membrane potentials were obtained by subtracting currents at the peak of the NMDA response from currents before NMDA application and are shown on the left. Right, Mean NMDA-induced currents were plotted against the membrane potential in magnesium-free ACSF (black) and standard ACSF (gray). C, Example recording of NMDA application in the presence of D-AP5 (50 M), which was applied 30 s before, after, and during the NMDA application. ATP was applied at the end as a positive control. Error bars are given as the standard error of the mean.
well known blocker of K ir channels (Hibino et al., 2010 ). First we analyzed the effect of 1 mM Ba 2ϩ on the membrane properties of microglial cells. The cells were clamped at Ϫ20 mV and voltage steps from Ϫ170 to 60 mV with 10 mV increments were given for 50 ms each. Resulting current patterns are shown in Figure 5A (left) for control and barium application (average of 9 cells each). Membrane currents were mainly reduced at negative membrane potentials down to 56.6 Ϯ 4.9% at Ϫ140 mV. The reversal potential of the subtracted current was close to the potassium equilibrium potential confirming baseline K ir channel activity in adult cortical ramified microglia of acute brain slices (Fig. 5A, right) . We investigated whether the NMDA-induced inward rectifying currents shown above are mediated by K ir channels. We therefore applied NMDA in the presence of BaCl 2 . NMDA did only induce a very small increase of inward membrane currents at potentials negative to Ϫ60 mV (0.18 Ϯ 0.06 pA/pF at Ϫ140 mV, n ϭ 9). Instead we observed an increase in outward currents at positive potentials (0.6 Ϯ 0.09 pA/pF, n ϭ 9; Fig. 5B, top) . The current-voltage curve of this current component shown in Figure 5B (bottom) had a reversal potential of ϳϪ50 mV. The negative DC potential shift and the increased IOS upon NMDA application was still observed although the amplitude of the negative DC potential shift was reduced by one-half [Ϫ3.1 Ϯ 0.2 mV (n ϭ 19) Ϫ1.4 Ϯ 0.34 mV 3.1 Ϯ 0.2 (n ϭ 9); ***p ϭ 0.0001]. We conclude that the NMDAevoked inward rectifying current is mediated by K ir and a non-K ir -mediated outward current is unmasked by Ba 2ϩ , which is similar to currents described by Eyo et al (2014) . To study the effect of Ba 2ϩ on CSD and CSD-induced currents, we repeated the experiments shown above (Fig. 1) in the presence of 1 mM barium. Again inward rectifying membrane currents were blocked and a small outward current was unmasked in 6 of 13 recordings, shown in Figure 5C , with maximum amplitudes of 0.6 Ϯ 0.2 pA/pF at 60 mV voltage steps. The DC potential however did not change significantly compared with controls (Ϫ3.6 Ϯ 0.4 to Ϫ4.4 Ϯ 0.7 mV, n ϭ 13 vs 9; p ϭ 0.29).
CSD-induced microglial membrane currents are inhibited by K ir antagonists
Because barium is a rather unspecific K ϩ channel blocker with known side effects we used more specific K ir antagonists. So Microglia were clamped at Ϫ20 mV and voltage steps ranging from Ϫ170 to 60 mV with 10 mV increment each 50 ms long were applied. Barium blocked inward rectifying membrane currents with a reversal potential close to the potassium equilibrium potential. B, NMDA was applied as indicated by bar in presence of barium (1 mM). For calculation of current-voltage relationships, baseline currents were subtracted from currents at the peak of the response. NMDA-induced currents were plotted against membrane potential in the graph below. Note that NMDA induced a small outward rectifying response in the presence of barium. C, CSD-induced membrane currents in the presence of barium are shown. Again a small outward rectifying component was unmasked with a reversal potential close to Ϫ20 mV. Error bars are given as the standard error of the mean.
far it has been shown that cultured microglia mainly display K ir 2.1 currents, which are effectively blocked by ML133 (Lam and Schlichter, 2015) . It is however not known which inward rectifiers are expressed in microglia in situ or in vivo. We therefore first confirmed the results by Lam and Schlichter (2015) by applying our batch of ML133 (20 M) to cultured neonatal microglia. We were able to confirm that ML133 is an effective K ir blocker in vitro inhibiting 48 Ϯ 7% (n ϭ 8; Fig.  6A ) of membrane currents at Ϫ140 mV membrane potentials. We then applied ML133 (20 M) while recording membrane currents from microglial cells in slices. We did only observe a 12% inhibition of baseline inward currents at Ϫ140 mV (n ϭ 6). Subsequently we tested the effect of ML133 (5 min preincubation) on the CSD-induced currents. The CSDinduced inward currents were 1.1 Ϯ 0.2 pA/pF (n ϭ 6) and thus smaller than control currents, which were 2.5 pA/pF (see above). Thus, the currents were reduced but not completely blocked. We therefore used a mixture of blockers directed against various K ir subtypes [Glibenclamide (100 M, K ir 6 family), ML133 (20 M, K ir 2.1), Nortriptyline (K ir 4.1), Tertiapin-Q (200 nM, K ir 3.1 and Kir3.4) and VU590 (10 M, K ir 1.1 and 7.1)] in a second set of experiments. In cultured microglial cells the whole mixture of antagonists inhibited 57 Ϯ 8% of membrane currents (n ϭ 8; Fig. 6B ). This inhibition was not significantly different compared with ML133 alone ( p ϭ 0.41) confirming that K ir 2.1 is the most dominant potassium inward rectifier in cultured microglia. We then tested this mixture on microglia in situ (Fig. 6C ). Only 14% (5.2 Ϯ 1.5 pA, n ϭ 11; Fig. 6D ) of the baseline currents at Ϫ140 mV were blocked, which was significantly less compared with a 43% (29.6 Ϯ 7.5 pA, n 11 vs 9; **p ϭ 0.0024) inhibition by barium (Fig. 5A) . We then compared the CSD-induced currents in the presence of the K ir antagonists to the control data shown above (Fig. 1) . The CSD-induced inward current Ϫ140 mV was 1 Ϯ 0.2 pA/pF (n ϭ 14 vs 11, **p ϭ 0.0019; Fig.  6E ), thus not significantly different to the value in the presence of ML133 alone. We excluded one recording which was a significant outlier (**p Ͻ 0.01, Grubb's outlier test) showing no baseline inhibition by K ir antagonists and a profound CSD-induced inward current of 5.5 pA/pF at a Ϫ140 mV membrane potential suggesting hetero- geneity of K ir activity of microglia in situ. We conclude that the dominant CSD-induced current component is mediated by K ir 2.1, but that there is an additional component, which is sensitive to barium, but not blocked by the currently available antagonists of K ir .
NMDA-induced inward currents are not influenced by the purinergic receptor blocker RB2
It was recently reported that neuronal NMDA receptor activation can trigger the activation of microglial purinergic receptors leading to process motility in the microglial cells, which are inhibited by the purinergic antagonist Reactive Blue 2 (RB2; DissingOlesen et al., 2014; Eyo et al., 2014) . We therefore tested the effect of RB2 on the NMDA-induced activation of K ir . Microglial were patched and magnesium-free ACSF was used. As shown in Figure  7A , K ir channel activity was still observed in the presence of RB2 (100 M). The current-voltage relationship was not significantly affected. Neither inward current density at Ϫ140 mV membrane potential nor at 60 mV were significantly affected (2.25 Ϯ 0.7 pA/pF for Ϫ140 mV, 0.2 Ϯ 0.06 pA/pF for 60 mV, n ϭ 17; Fig.  7B ). We conclude that NMDA-induced inward rectifying potassium currents are independent of P2Y receptor related purinergic signaling.
Adult, cultured microglia do not respond to NMDA exposure It was reported that neonatal microglial express functional NMDA receptors in vitro (Kaindl et al., 2012) . We tested for the presence of functional NMDA receptors in microglial cultured from adult tissue by using the whole-cell patch-clamp technique and calcium imaging. We recorded membrane currents with a similar protocol as used for the in situ microglia and applied NMDA (100 M) and ATP (1 mM) as a positive control. We never did observe any response to exposure of NMDA (n ϭ 23; Fig. 8A ), whereas ATP always triggered an increase in membrane currents as previously described (Walz et al., 1993) . We also performed calcium imaging with Fluo-4 loaded adult microglia in vitro with the same wash-in protocol. In total, we analyzed 10 coverslips with a sum of 207 cells (additional 100 cells displayed spontaneous activity and were excluded due to possible false-positive results). We did not record any calcium elevations during NMDA applications or buffer controls (data not shown). Although nearly all cells responded to ATP application (91.3 Ϯ 3.3%, n ϭ 10). Example traces are shown in Fig. 8B . We therefore conclude that the cells were viable and do not respond to NMDA exposure neither by current influx nor by intracellular increase of calcium levels.
Discussion
We demonstrate that in acute cortical mouse brain slices CSD induced an increase in the K ϩ conductance of microglial cells. This increase in K ϩ conductance can be mimicked by bath application of NMDA and an increase in extracellular [K ϩ ] and is blocked by the NMDA receptor antagonist D-AP5. It is well established that the NMDA receptor is crucial for initiation and propagation of CSD (Marrannes et al., 1988; Lauritzen and Hansen, 1992) . There is, however, no evidence for the expression of functional NMDA receptors by microglial cells in situ. There are reports on functional NMDA receptor expression in vitro: (Hirayama and Kuriyama, 2001) patch-clamp. Two independent studies in situ described a neuronmicroglial crosstalk involving neuronal NMDA receptors and microglial purinergic receptors without any evidence for functional microglial NMDA receptors on microglia (Dissing-Olesen et al., 2014; Eyo et al., 2014) . We could confirm this by demonstrating that microglia isolated from adult mice do not respond with a membrane conductance increase or a calcium elevation upon application of NMDA. We thus assume that neuronal NMDA receptor activation during CSD leads to an increase in extracellular [K ϩ ], which results in the activation of inward rectifying currents in microglia. Macroglial NMDA receptors of astrocytes (Lalo et al., 2006) and oligodendrocytes (Káradó ttir et al., 2005) might play an additional role. In addition to the involvement of NMDA receptors, we investigated whether AMPA/ kainate receptors are involved and found that CSD-induced microglial K ir currents, but not DC potential shifts, are influenced by CNQX, an AMPA/kaiante receptor antagonist. Although it is believed that within the class of ionotropic glutamate receptors only NMDA receptors play a crucial role for CSD (Lauritzen and Hansen, 1992; Nellgård and Wieloch, 1992) , there is evidence that AMPA receptors have at least regulatory effects on CSD (Kertész et al., 2004; Holland et al., 2010) .
Indeed, we could block the microglial response to CSD and NMDA application by the K ϩ channel blocker Ba 2ϩ confirming that the microglial response is mediated by the activation of K ϩ channels. This Ba 2ϩ blockade unmasked a small outward current response with a current-voltage relationship similar to a response to ATP (Boucsein et al., 2003) , and thus confirming the observation by Eyo et al. (2014) that bath application of NMDA leads to ATP responses in hippocampal microglia. In their study, they recorded currents only at a membrane potential of Ϫ20 mV and could thus not record the activation of the inward rectifier as we observed in our study. It is however interesting that they observed such currents without barium, which might be the result of regional differences between cortical and hippocampal microglia. Moreover, we found that the purinergic receptor blocker RB2 did not block the NMDA-induced K ir current indicating that neuronal NMDA receptor activation leads to two distinct events, namely the CSD-induced K ir current activation reported in this study and the NMDA-ATP crosstalk reported by Dissing-Olesen et al. (2014) and Eyo et al. (2014) . We also used specific antagonists for K ir resulting in similar effects on baseline currents and CSD-induced currents. It has been shown by Lam and Schlichter (2015) that K ir 2.1 is the dominant inward rectifier K ϩ channel in vitro which we could confirm using the antagonist ML133. This antagonist had, however, only a small effect on the resting currents in microglia in situ. So far, it is not known which channels are responsible for K ir currents in microglia in situ and in vivo. We therefore used a mixture of all subtype-specific K ir antagonists that are currently available [Glibenclamide (K ir 6 family), ML133 (K ir 2.1), Nortriptyline (K ir 4.1), Tertiapin-Q (K ir 3.1 and K ir 3.4), and VU590 (K ir 1.1 and 7.1)] which was, however, not more effective. Both ML133 and the mixture blocked ϳ60% of the CSDinduced current. This indicates that a significant fraction of the current is mediated by K ir 2.1, but there is still a (bariumsensitive) current component, which is not sensitive to the so far known K ir antagonists. We also noted that the reversal potential of microglial currents blocked by these antagonists was not at the potassium equilibrium potential as we showed for the bariumsensitive current.
Elevation (Franchini et al., 2004) and blockade of K ir reduces ATP-induced chemotaxis and induces microglial proliferation in vitro (Lam and Schlichter, 2015) . Thus, the activation of K ir induced by CSD may have an impact on microglial functions.
So far the role of microglia in initiation, propagation and recovery of CSD is poorly understood. There is, however, evidence that CSD has an impact on microglia. Hours after initiation of potassium induced spreading depression microglial cells upregulate markers of activation by showing an increased expression of MHC-II (Gehrmann et al., 1993) and IL-1␤ (Jander et al., 2001) . Spreading depression induces microglial migration and motility and we speculate that this response might influence the electrical activity of the surrounding tissue leading to higher susceptibility to CSD (Grinberg et al., 2011) . Recently it was even suggested that microglial cytokine release is necessary for the initiation of spreading depression (Pusic et al., 2014) . In conclusion, we show that microglial cells sense the CSD by activation of K ir , which might in turn modulate microglial behavior. The possible significance of microglial cells sensing and responding to potassium elevations in CSD could be relevant in a pathological context. CSD was reported to be associated with stroke (Strong et al., 2002) and traumatic brain injury (Hartings et al., 2009 ). Additionally it is reported that the pathophysiology of migraine aura and epilepsy share certain features and that migraine aura can trigger epileptic seizures (Nye and Thadani, 2015) . Thus, sensing CSD-induced potassium elevations in a pathologic context might be a signal to microglia and could result in functional consequences.
